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ABSTRACT 
The Carmel River Lagoon (CRL) is a bar-built estuary located at the mouth of the 
Carmel River on California’s Central Coast. Its ecological importance lies in the fact 
that it serves as a nursery ground for the federally protected steelhead trout. The CRL 
is a unique environment in that the state beach will transform (via episodic 
breaching), transitioning between a closed and open state, discharging to Carmel Bay. 
These episodic breaching and closure events change the hydrodynamic flow through 
the system. These flow alterations can impact the water quality and, specifically, the 
dissolved oxygen (DO) level within the lagoon. Via field collection of DO levels, 
this study looks at the relationship between DO variations and seasonal breaching 
events from February 2020 to August 2020. Measurements from CRL found that the 
average oxygen concentration remained suitable for biological resources. DO 
variations did occur on smaller time scales, resulting in brief periods where the 
DO level reached “stressful” conditions. Results suggested that the DO level was 
correlated with the seasonal breaching/closure events. The open or breached season 
rapidly flushed the lagoon, maintaining higher and steady levels, while the closed 
season (including temporarily closed) showed higher fluctuations, driving brief 
hypoxic/anoxic events. 
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Monitoring and management of estuarine and coastal water quality continues to be a 
priority for civilian and government agencies. Much of the focus has been on the biological impacts 
and degradation of habitat from additional stress placed on the system. Estuaries and inland waters 
are some of the most productive zones and provide ecological value as a refuge and protective 
zone for many plant and animal species (Paerl et al. 1998). The economic value of estuaries is just 
as important, serving as a barrier and buffer, dissipating high energy transport from ocean waves 
(Leonardi et al. 2018). The combination of ecological and economical values is the reason for 
attraction to coastal regions with forty-five percent of the world’s population living in these regions 
(Handler et al. 2006). With such dependence on these environments for survival, it is imperative 
to understand the responses to multiple stresses placed thereon. 
Water quality degradation is an impact that is easily documented and can have lasting 
effects on the system. One indication of the degradation of the quality and health of the system are 
variations in the dissolved oxygen (DO) levels. These fluctuations are vital to the sustainability of 
the habitat because they regulate all the biogeochemical processes and cycles, control the flow of 
energetics, and provides the needed source of oxygen for life within the estuary (Frodge et al. 
1990; Prasad et al. 2011). 
From a naval standpoint, operations are not limited to open ocean transits and engagements. 
The transformation of the threat has shifted exploitation and effective use of the coastal shores and 
inland waters. Amphibious operations, landing Navy and Marine Corps personnel on far off and 
remote shores, has become more prevalent in today’s operations (Coughlin 2019). In addition to 
amphibious landings, Naval operations into rivers and inland systems has been handled primarily 
by Naval Special Warfare (NAVSPECWAR) and Naval Expeditionary Component Command 
(NECC) (Ka 2019). 
All naval operations require practice and training within similar environments for 
proficiency and execution. The U.S. has various coastal features and inland systems serve as 
training grounds, simulating operational environments. Training in these systems is not free and 
can have a substantial cost. Many of these training exercises negatively impact the natural order 
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of the system through live ordnance, ground excavation, etc. The impacts could lead to serious 
environmental degradation, resulting in the loss of training facilities. Failure to properly maintain 
these facilities will reduce the efficiency and capability of operations. 
A recent investigation was performed, using ENVI to classify and calculate algal coverage, 
and correlate coverages to the variations in DO levels in Elkhorn Slough (ES), CA. ES, a shallow-
water estuary experiences periodic hypoxic and anoxic events, severely impacting the health of 
the system. The aim of this study was to collect DO measurements in Carmel River Lagoon (CRL), 
a shallow water bar-built estuary (BBE) as it transitions from a breached state to a closed state. 
The intent was to compare variations from CRL with ES to identify patterns that could lead to low 
DO events, degrading water quality. This method may lead to advanced notification of negative 
impacts to waters within naval training facility boundaries, reducing cost for environmental 




Low dissolved oxygen (DO) in coastal waters, estuaries, and inland waters is a widespread 
phenomenon that is an established and growing concern worldwide (Prasad et al. 2010; Roegner 
et al. 2011). Just as humans need oxygen to breathe and survive, DO is the measure of oxygen 
present in water, available to fish, plants and other aquatic organisms (EPA 2020; USGS 2020). 
This parameter within aquatic environments drives virtually all biological and biogeochemical 
processes, establishing capacity, function, and productivity (Hewitt 2016; Huang et al. 2019; Sklar 
and Browder 1998). The vital role DO plays makes it one of the most important indicators of water 
quality and health status of the marine systems (Sarasota 2020). Estuaries are critical features to 
global coastlines because they serve as natural havens, or nursery grounds, for certain plant and 
animal species. Biogeochemical changes can dramatically impact these fragile systems, such as 
low DO negatively impacting approximately 65% of U.S. estuaries (Brickler et al. 2008). 
Human settlements have long been drawn to estuaries owing to their proximity to water 
resources, and relatively flat productive lands with economic value (Brophy et al. 2019; Chuwen 
et al. 2009). These zones provide a source of drinking water and recreational value for populations. 
Nearly forty-four percent of the world’s population lives within 150 kilometers (km) of the coast, 
and this percentage is even larger in the United States (U.S.) (Handler et al. 2006). Significant 
human activity and land alterations to support such growth act as a stressor on the ecosystem. The 
most notable observed impact is the occurrence of hypoxic events. Hypoxia is a condition when 
DO levels in water reach levels < 2 milligrams per liter (mg/L) (Yin et al. 2004; Montagna and 
Froeschke 2009). Reduction in DO levels occurs when 1) respiration outpaces production in the 
oxygen budget, and 2) reduction of nitrates and other nutrients, degrading water quality (WQ) 
within the ecosystem (Balls et al. 1996; Sanford et al. 1990; Schmieder et al. 2008). Frequency 
and intensity of deoxygenation within coastal and inland zones, especially estuaries are a threat to 
ecological and recreational value, and can broadly hinder the global biogeochemical processing 
capability (Henrichs 1992). 
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1. Classification
Impacts on estuarine systems vary in severity considering that global coastlines differ in 
size and shape. Estuaries have been classified based on geomorphology and stratification regimes 
(Hansen and Rattray Jr 1966; Perillo 1995). Unique combinations of climate regime, riverine 
inputs, and tidal range place additional complexity to categorization (Palmer et al. 2011). The 
morphology and geometry act as physical barriers, driving circulation patterns and biogeochemical 
distributions within these productive systems (McLaughlin et al 2013). 
A common estuary regime found on both U.S. coasts is permanently open systems, known 
as drowned river valleys (Perillo 1995). This refers to a coastal morphology where there is 
unrestricted ocean (mainly tidal) influence within coastal and inland waters physical properties 
within these estuaries are marked by strong salinity signatures, comparable to the entering seawater 
from the ocean, with levels greater than 30 parts per thousand (ppt). This strong gradient produces 
vertical stratification within the water column, impacting or preventing vertical mixing with 
surface waters (Breitburg et al. 1997). This restriction of vertical flow can result in the degradation 
in DO and WQ, limiting the aeration of bottom waters (Sanford et al. 1990). 
Bar-built estuaries (BBE’s), a specific type of drowned river valley regime, are common 
to high energy wave-exposed coastlines and coastal regions experiencing episodic river flows, and 
seasonal precipitation changes (Behrens and Largier 2015; Clark and O’Connor 2019; Rich and 
Keller 2013). BBE’s, typically associated with Mediterranean-type climates that experience 
restrictions or even closure from ocean exchange due to sandbar formation at the coastal boundary 
(McLaughlin et al. 2013; Clark and O’Connor 2019). These climatic regions are identified by the 
strongly defined wet and dry seasons due to varying precipitation. Precipitation is a main and, in 
some cases, the sole input of freshwater driving the system mechanics of ephemeral rivers (Jones 
and Stoke 2007). Varying flow in ephemeral rivers transport sediments around the estuary, 
impacting river shape and surrounding beach features (Coughlin 2019). 
BBE’s environments cover 18% of the North American coastlines, 45-50% of South 
Australian coastlines, 70% of South African coasts, and are common in Northern Europe and the 
Mediterranean Sea (Hoeksema et al. 2018; Richards et al. 2018). Greater than 50% of California’s 
confluences are classified as BBE systems (Clark and O’Connor 2019; Heady et al. 2015). Time 
5 
and effort have been invested in these environments to better understand the processes affecting 
WQ conditions and model impacts to biogeochemical capabilities, ensuring adequate WQ for 
biological investment and diversity (Gale et al. 2006; Moreira et al. 1993). Some systems 
experience significant problems ranging from diminished biological growth to fish kills due to 
alterations in land use and hydrodynamic changes (Anderson et al. 2007). 
2. Ocean Impacts 
Low DO levels occur within our oceans naturally (Roegner et al. 2011). Ocean profiles are 
strongly stratified owing to a sharp temperature gradient with depth. This gradient creates a barrier 
that inhibits vertical mixing throughout the water column (Pennington and Chavez 2000). 
Intermediate waters, removed from mixing at the surface exhibit oxygen-poor properties, setting 
up an oxygen minimum zone (OMZ) that circulates throughout oceanic basins (Stramma et al. 
2008). Oceanic midwater DO concentrations will continue to decline owing to enhanced 
stratification and reduced ventilation, placing additional stress on the chemical oceanography, 
resulting in decreased species richness and diversity throughout the water column (Bograd et al. 
2015; Henry et al. 2014). These oxygen-modified water masses circulate around basins until they 
interact with the continental boundaries and coastal waters. At these boundaries, wind-forced 
upwelling propels DO depleted water onto continental shelves, into shallow water bays, and 
estuarine systems (Horie et al. 2011; Roegner et al. 2011). Nearshore environments occupy 13% 
of the world’s coastal regions and are the subject of increasing investigations because of increasing 
human populations and the effects they have on the biochemical cycling, specifically the 
degradation of DO (Morris and Turner 2010). 
3. Coastal and Inland Estuary Impacts 
Estuaries are transition zones between inland rivers and the ocean, having several important 
qualities, one such being they are the most productive of marine ecosystems (Hoeksema et al. 
2018; Plew et al. 2015). These systems provide protective buffering capabilities and breeding 
grounds for many biological species, and serve as an economic resource (Paerl et al. 1998; 
Satheeshkumar and Khan 2009; Hoeksema et al. 2018). The fragility of estuaries is shown by quick 
responses to physical and biological stressors potentially leading to negative impacts in function 
and structure (Sanford et al. 1990). 
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Impacts degraded DO and WQ have been well documented on various scales, from 
individual organisms to the entire ecosystem (Breitburg et al. 2009; Breitburg et al. 1997; Prasad 
et al. 2010). One of the major stresses placed on estuarine waters is that of eutrophication. 
Eutrophication is an excess supply of nutrients, leading to hypoxic conditions and potential habitat 
loss (Sharp 2010). Additionally, flow dynamics owing to stratification and input sources can 
exacerbate the stress placed on the system by increasing the residence time that degraded 
conditions can persist (Ranasinghe and Pattiaratchi 2003; Sanford et al. 1990; Schmieder et al. 
2008). Residence time, or “flushing” mechanisms, is a sign of the system’s ability to recover from 
degradation impacts, and is a commonly used technique for maintaining WQ in open embayment 
systems (Huggett et al. 2019). There has been an extensive focus on DO degradation within deep 
East Coast estuaries (Paerl et al. 1998; Prasad et al. 2010; Stanly 1993; Sharp 2010; Sanford et al. 
1990). Some investigations have found that small shallow-water estuaries tend to be immune to 
localized hypoxia due to wind-induced mixing, decreasing water stratification (Stanley and Nixon 
1992; Huggett et al. 2020). The mechanisms and patterns leading to poor WQ and devastating 
ecological and economic impacts within well-mixed estuaries on the U.S. West Coast have not 
been documented or investigated as well as large, deep East Coast estuaries (Nezlin et al. 2009). 
Low DO within the estuarine environment is a very complex problem compounded by 
various factors (Palmer et al 2011; Sanford et al 1990). Unique to these “Mediterranean-type” 
climates or BBE’s is a hydrologic mixing regime and variation in oxygen levels within the estuary 
resulting from seasonal breaches and closures (Clark and O’Connor 2019; McLaughlin et al 2013). 
Changes in the mouth state alter both biochemical and physical processes that moderate DO 
variation (Hoeksema et al 2018; Largier et al 2019; Yin et al 2004). The temporal changes in mouth 
state have the ability to aid in water column stratification, increasing the probability of bottom 
water hypoxia and/or anoxia events, even within small shallow-water systems; such as those 
common to the west coast and California coast (Gale et al 2006). A recent study in a Southern 
California BBE, the Santa Margarita estuary indicated a DO dependence upon the temporal 
changes of mouth state, with more frequent occurrences of hypoxia during mouth closure (Katz et 
al 2018). Similarly, findings from study at Carmel River Lagoon showed signs of water 
stratification with a lower DO concentration, corresponding to a closed mouth state (Lumas 2006). 
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Most of the literature reviewed DO response to external inputs such as nutrients, resulting 
in degraded conditions (McLaughlin et al 2013; Kotsedi et al 2012; and many others). Less is 
known about DO variability in BBE’s and their ability to provide critical and suitable habitats for 
fish species and other aquatic species. Clark and O’Connor (2019) found that varying WQ 
conditions can provide areas unique areas (refuge) where species with different environmental 
requirements can persist and connectivity between these areas allows for different species to use 
them in different ways as their needs change, lending the in support for linkage between varying 
mouth states and DO variability. The aim of this study is to build upon the limited research and 
data to document DO spatiotemporal variability in different portions of CRL as mouth state 
changes. 
B. STUDY SITES
1. Carmel River Lagoon
The Carmel River Lagoon (CRL) is part of the Carmel River State Beach network situated 
just south of Monterey Bay, California (Figure 1). The Carmel River is roughly 58 kilometers (km) 
long, responsible for draining a watershed of 660 km2, into Carmel Bay (Anderson et al. 2007; 
Scooler 2017). CRL is approximately a 2 km long barrier beach that serves as a popular site to 
residential living, tourist, and recreational activities (Kraus et al. 2008). CRL is a shallow-water 
environment with maximum depths approximately 3.7 meters (m) (Lumas, 2006). 
It has significant biological importance, providing critical habitat for the steelhead trout 
and other species deemed “threatened” by the Federal Endangered Species Act (Largier et al. 
2019). CRL has been a focus of research investigating habitat suitability, and morphological 
dynamics, all with impacts on residing biological and human populations. (Coughlin 2019; Lumas 
2006; Scooler 2017). 
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The image indicates the sampling locations and data sources used for this study. MPWMD is the lead organization 
for conservation efforts within CRL and has a permanent stage monitor (indicated by the green star). A previous 
study was performed assessing the habitat suitability for Steelhead Trout and DO measurements were taken at four 
sites (indicated by red stars), and three locations defined by this study (indicated by white stars) to identify DO 
variability in the lagoon per seasonal state. 
Figure 1. Current and Historical Collection Sites 
Throughout the year, increased precipitation in the winter months (Jan - May) causes 
increased flow rates into CRL, resulting in breaching events of the sandbar, opening the system to 
the tidal influences of the ocean (Rich and Keller 2013). Decreased precipitation during summer 
months (May–Oct), reduces flow input, closing off CRL due to sandbar development at the mouth 
(Figure 2). These physical geomorphic changes can alter hydrodynamics of the system, changing 
resource distribution, potentially resulting in degradation or ecological and economical loss 
(Ranasinghe and Pattiaratchi 2003). 
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Image A shows CRL during the closed (dry season) state, cut off from ocean exhange. Image B represents CRL 
during the open (wet season) state, free to ocean exchange. Image C is a hydrograph depicting data water level 
within CRL to corresponding estuary states (MPWMD 2017). 
Figure 2. Seasonal Open/Closed Timing, CRL 
2. Elkhorn Slough 
Prior to 1946, Elkhorn Slough (ES) was shallow-water coastal BBE/river mouth estuary 
with little influence from Monterey Bay because of dune barriers that restricted the tidal exchange, 
like the BBE formation of CRL (Breaker et al. 2008). Since 1946, jetties were installed to create 
Moss Landing Harbor, permanently opening the system to the full tidal influences of Monterey 
Bay (Barry et al. 1996). ES continues to be a shallow coastal embayment with depths ranging from 
5 meters (m) at the mouth to 1.5 m in the upper estuary and serves as an important conservancy 
zone for the resident biological species to include the protected Southern sea otters (Barry et al. 
1996; ESNERR 2019). 
ES is a complex watershed with various mud flats and small tidal side channels from the 
man channel, creating a diverse circulation patterns between the upper and lower estuary, 
impacting the biogeochemical flow throughout the system (Breaker et al. 2008). These micro-
systems have been the focus of studies to better understand the negative impacts and stress placed 
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on the environment from flow restrictions and eutrophic supply from winter runoff (ESNERR 
2019). The North Marsh (NM) has been identified as a critical zone because of DO variations and 
patterns (Figure 3). 
 
Image A is a zoomed-out view of ES in relation to Monterey Bay, CA. Image B outlines the extent of ES, along 
the Slough River, Vierra Mouth (VM) and the South Marsh (SM) are WQ monitoring stations selected for 
comparison with CRL to identify differences between permanently open and BBE systems. 
Figure 3. Elkhorn Slough Estuary and Monitoring Sites 
Unlike in BBE’s, the VM and SM sites are located within the lower Elkhorn Slough estuary 
and experience a persistent and strong tidal influence, driving water level changes year-round, 
typical patterns seen in estuaries that have tidal components contributing to the variation within 
system (Figure 4). Water level readings from CRL during the “open” or “breach” mouth state 
resemble that seen in permanently-open systems like VM (Figure 2). 
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Water level measurements were recorded at VM from February to August 2020. We can see the typical sinusoidal 
pattern associated with tidal changes from ocean influence. 
Figure 4. Hydrograph for a Permanently Open Estuary 
3. Hypothesis 
Estuarine and WQ monitoring has been approached through the biological lens with 
emphasis placed on ecosystem function and trophic interactions (Paerl et al. 1998; Sharp 2010; 
Stanley and Nixon 1992). Richards et al. (2018) conducted a recent study within a central 
California BBE system, looking at various bio-geophysical processes to better understand multiple 
interactions, including hydrodynamics. Many studies have focused on deep estuarine systems 
where eutrophication and stratification were the root cause of deoxygenated surface and bottom 
waters (Paerl et al. 1998; Sharp 2010; Stanley 1993; Stanley and Nixon 1992). Hydrodynamic 
patterns and mechanisms within shallow-water BBE’s are less documented or studied, especially 
in shallow, well-mixed environments (Caffrey et al. 2013; Nezlin et al. 2009). 
The goal of this study is to link DO variations within the CRL to respective physical state 
changes from seasonal breaches and closures. Transitions at CRL are marked by seasonal 
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variations in environmental parameters such as river discharge, precipitation, and water level, all 
measured at the system. Optical DO sensors were deployed in the lagoon with a data collection 
period spanning from February 2020 until August 2020, during the open, transition, and closed 
states of the river mouth. The intent is to identify DO patterns resulting from changes in 
hydrodynamic flow due to restriction from the ocean. As CRL closes, the circulation within the 
system is anticipated to self-contain inside the lagoon, resulting in higher water levels. As water 
spends more time within the lagoon and back marsh regions, the expectation is the DO level will 
decrease compared to DO measurements during a breached state, where water is rapidly flushing 
the system (Huggett et al. 2020). Similarly, temperatures will increase, primary productivity may 
increase, stratification will occur, etc. (Largier et al 2019). 
The objective of this study is to gather DO measurements within various distinct areas of 
the estuary, spanning the seasonal shift common to the central California Coast, forcing 
hydrodynamic changes within the Carmel River system. Sensor were placed at varying locations 
to capture the main branches of CRL and investigate how DO concentrations vary spatially and 
temporally as the systems transition from “breached” to “closed” states of the river mouth. 
Hypothesis: DO will trend lower the system during periods of prolonged closure, resulting from a 
reduced flow and interaction from Carmel Bay, corresponding to the summer, drier season due to 
a lack of precipitation over the region. I will test this hypothesis by: 
1. Collection and analysis of the DO time series for seasonal, and sub-seasonal 
patterns, and spatial variability with the system. 
2. Use of the water level collected and provided by MPWMD to identify water level 
state changes for shifts in CRL hydrodynamics. 
The data collected during this study will be compared to historical data and previous studies 
provided by Monterey Peninsula Water Management District (MPWMD). Results from CRL will 
be compared to WQ monitoring sites within ES. VM and SM are two (2) monitoring sites always 
open to tidal exchange that will serve as a comparison between permanently open and BBE’s. 
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III. FIELD METHODS AND COLLECTIONS 
In order to determine the spatiotemporal variability of DO with the CRL, the three main 
branches of the estuary were monitored during the transition from open to closed geomorphic 
states. Measurements were collected from February 2020 through August 2020 and parameters 
collected included DO, pressure (identifying “breached” to “closed” transitions), conductivity, 
temperature and turbidity levels. 
A. CARMEL MEASUREMENTS 
1. Instrumentation 
Initial sensor deployment was performed during a low tide event in February 2020 enabling 
access to station CRL-1 (river entrance) (Figure 5). The mooring deployed at this location was 
constructed using a 16-inch (in) (2-in diameter) metal pipe through the center of a 35-pound (lbs.) 
weight, housed with a suite of WQ sensors (Figure 6). Figure 6 shows the mooring configuration 
with a HOBO U26 DO data logger, an RBR duet (pressure/temperature sampling at 2Hz), an RBR 
solo-Tu (turbidity), a HOBO U24 conductivity meter, and a Lowell Instruments tilting current 
meter (TCM4). Samples were collected every 15 mins for approximately a month and a half, from 




The image sows the mooring at CRL – 1 (pre-PME DO sensor). Sensors attached to the mooring and are deployed 
in the river entrance (Figure 1). 
Figure 5. Data Collection Setup 
On 31 March 2020, four PME miniDOT (DO and temp) sensors were deployed for 
simultaneous sampling at the specified three locations in Figure 1. Sensor calibration and sampling 
set up was conducted prior to delivery. The sensors deployed per Figure 1, sampling every 10 
mins. One sensor was attached to the same equipment setup as Figure 6, replacing the HOBO (at 
CRL-1). The remaining three sensors were connected to a buoy, to be suspending in the water 
column, free to move as the water levels changed with during transitions of physical state. The 
mooring at CRL-2 consisted of the float, one sensor approximately 1 m below the float, designated 
as the “upper” sensor, a second sensor approximately 1 m above the weighted end of the line, on 
5 m of line. Weights ranging from 5 to 8 lbs. were attached to the mooring line. The CRL-3 
mooring system was similar to CRL-2, with a total of 3 m, and a single DO sensor attached, 1 m 
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down from the buoy (Figure 6). At the time of sensor deployment, the water depth of CRL -1 was 
approximately 1 m, CRL – 2 was approx. 2.5 m, and CRL -3 was 1.9m. 
 
Left image: CRL-1 mooring is set up with all sensor attached to a 35 lbs. weight as an anchor. This mooring was 
deployed in the river entrance to CRL. Right image: CRL – 2 mooring with a float attached to adjust with water 
level changes and 5 m of line. CRL – 2 was designed to suspended in the water column, recording a vertical profile. 
CRL – 2 was deployed in the South Arm extension, just outside of the main lagoon channel. 
Figure 6. Collection Mooring Set Up 
During the deployment period, several site visits were performed to conduct instrument 
checks/data downloads, ensuring instrument condition and location. The varying water level states 
during deployment caused a few sensors to relocate or change orientation. As such, all sensors and 
locations were verified physically, and each data file was concatenated, yielding a single 
observation file for each sampling site for post-processing of the data collects. 
2. Monterey Peninsula Water Management District Measurements 
Water Quality measurements have been historically collected by the Monterey Peninsula 
Water Management District (MPWMD). These point measurement collections were performed in 
specific locations to map and assess impacts to biological species, particularly the steelhead trout. 
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Table 1 provides details of the sampling locations used by MPWMD and a study performed by 
Lumas (2006), mapping suitable DO areas in the lagoon for steelhead trout conservation. 
Table 1. CRL Historic Sampling Site Locations 
LATITUDE LONGITUDE SITE CODE 
36.53863 121.9271 N2 
36.5376 121.9274 R2 
36.53523 121.9252 S2 
36.53305 121.9219 O1 
36.53331 121.92033 O4 
   Source: Lumas (2006) The table contains the locations of the 
   five sites mapping DO levels across CRL. 
 
DO and water level datasets were requested from and provided by MPWMD. DO 
measurements span from 1992 top current day, with samples collected weekly. Collections were 
executed mid-morning from an ocean kayak, using a YSI DO probe at varying depths (Lumas 
2006). 
Water levels are taken from the permanently installed stage sensor, located in the south 
arm of the CRL system (Figure 1). Levels are collected every 15 mins, with heights measured in 
feet (ft), and calibrated for the removal of atmospheric pressure. 
Water level readings are grouped by water year (WY). The WY timing runs from October 
to September, of each year (MPWMD 2019). Data from WY 2018 to WY 2020 were provided for 
analysis. Minor post-processing was required, eliminating repeat measurements in data. 
B. ELKHORN SLOUGH MEASUREMENTS 
DO measurements were collected from a tidal station in ES for hydro-dynamic comparison 
with CRL. The Vierra Mouth (VM) and South Marsh (SM) monitoring sites (Figure 3) were 
selected for comparison with collections from CRL. ES has automated water quality sensors, 
performing continuous sampling (at 15 min intervals) and the readings are transmitted to the 
National Estuarine Reserve Research System (NERRS) database. The WQ monitoring is collecting 
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data in the temperature, salinity, DO, and other parameters for health assessment. The DO data set 
for VM was requested via the Central Data Management Office (CDMO) website. This is the 
central database repository for NERRS. The provided data was large covering from 1999 until 
present day. The historical data was filtered to match the record length from this study in Carmel. 
All datasets were formatted for ingest into MATLAB for analysis. DO collected at CRL 
and water level data provided by MPWMD were used for identification of the variability occurring 
during the transition from a breached to a closed state. ES data was used to compare DO variability 
within a permanently open systems (such as VM and SM) to changes within a BBE (such as CRL). 
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Analysis tested the hypothesis of whether lagoon DO levels responded to seasonal shifts in 
the Carmel River mouth geometry. Precipitation on the Central California Coast falls within two 
seasons, “wet”, typically occurring from October to April, and “dry”, typically occurring from 
May to September. Typically, CRL will transition from “open” to “closed” state in early in the 
summer season, with timing ranging from early June to mid-July (MPWMD 2017; MPWMD 
2018; MPWMD 2019). During this study, CRL experienced two periods of intermittent 
breaches/closures from 07 Feb to 16 Mar 2020 and again from 06 May to 17 Jun 2020. The lagoon 
was “fully” open from 16 Mar to 05 May, and “fully” closed from 17 Jun to 07 Aug 2020. Each 
of the state transitions is marked on the following figures of WQ and environmental results. 
A. CARMEL LAGOON 
1. Environmental Parameters 
Environmental conditions are very influential in the changes exhibited in bar-built estuaries 
and coastal lagoon systems. The environmental parameters that directly impact the geomorphic 
changes with the lagoon are precipitation, river discharge, and lagoon water level (Figure 7). 
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This figure contains the major environmental factors that drive the seasonal geomorphological changes within 
Carmel River Lagoon. Plot A is the precipitation readings spanning the length of the study. Plot B is the Carmel 
River discharge rate (cubic feet per second (cfs)) for the same duration, and the Plot C is the water level readings 
to the corresponding time frame. Water level readings were provided by MPWMD (2020). 
Figure 7. Environmental Parameters for CRL 
Environmental data collected at CRL depicts a strong seasonal difference, driving the shifts 
in open/closed states of the lagoon, as shown by precipitation and river discharge coinciding with 
consistently open lagoon states. Precipitation occurs solely during the winter months, from March 
to early April (Figure 7A). The river discharge rates directly responded to that input form 
precipitation, with identical trends (Figure 7B). In 2020, early in winter (early Jan to Mar) rainfall 
was at a minimum, and the river had minimal discharge leading to intermittent closures during 
February and early March, during a time when the lagoon is typically “fully” open (Figure 7C). 
The pulse of rain resulting in an increase in discharge rate seen in Apr, the lagoon responds back 
to a “fully” open state through April, then it returns to an intermittent open/intermittent closed state 
as the river inputs decrease, ultimately closing (mid-June) when the rain and river inputs reach 
minimums (Figure 7 A-C). 
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2. Dissolved Oxygen 
DO measurements collected from three (3) sampling locations per Figure 1 showed that 
oxygen levels within the CRL system varied throughout the study. Figure 8 (below) shows the raw 
data time series. Green data markers indicated DO measurements greater than 5 mg/L, blue 
markers for DO levels > 2 mg/L and ≤ 5 mg/L, yellow markers represent DO > 0.5 mg/L and ≤ 2 
mg/L and red markers for DO ≤ 0.5 mg/L. Data from the first month and a half of sampling was 
collected from the river entrance by the HOBO DO logger. CRL – 2 and CRL – 3 were deployed 
31 March 2020. 
 
 
Raw time series of the DO measurements from Feb to Aug 2020. Plot A are samples collected from station CRL 
– 1 at the river entrance. Plots B (upper sensor) and C (lower sensor) are data collected at station CRL – 2. CRL – 
2 was a profile mooring within the lagoon with an upper and a lower sensor for measurements at varying depths. 
Plot D are the collections from station CRL – 3 in the back marsh of the lagoon. 
Figure 8. Raw DO Time Series – CRL, All Stations 
The data here indicates a strong seasonal trend. The wet winter months show a steady trend 
around 10 mg/L at CRL1 and CRL2T (top) with little variation in the DO level whereas 
transitioning to the summer dry period, all stations show larger fluctuations in the DO level. 
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At station CRL -1, located at the river entrance (Figure 8A), there was a spike starting in 
February that lead to some significant variation in measurements, ranging from 8 mg/L to 35 mg/L 
during that first month of sampling. After the HOBO sensor was swapped out for the PME sensor, 
the levels held steady ranging from 8 mg/L to 12 mg/L for the duration of the winter. May marks 
the change to the drier summer season, where DO begins to experience daily variations, dipping 
down into a low DO levels for short periods, corresponding the late evening and early morning 
times of each day. Low DO levels are times when the measurements fall below 5 mg/L, causing 
stressful conditions for aquatic organisms. Peak DO measurements occurred after the mid-day to 
early evening time periods. In late June to early July, the daily variations became more extreme, 
specifically during the late evening to early morning periods. More occurrences of DO level going 
below 2 mg/L were found, with a minimum value of 0.04 mg/L. 
At CRL2, the deepest part of the lagoon in the south fork (Figure 8B-C), the upper and 
lower sensors showed a similar trend seen at CRL – 1, where there was little variation in the DO 
level from Apr to May. Levels remained consistent between 5 mg/L to 12 mg/L, with a brief period 
below 5 mg/L. In the lower sensors (Figure 8C) there is a steady decline in DO level until May. 
The sensor was found buried in the sediments for this duration before it was uncovered and reset 
to deeper water. After May, the upper sensor (CRL – 2T, Figure 8B)) maintained a steady trend at 
approximately 10 mg/L, but slowly decreased until the final collect in August. This trend was 
unlike that seen in CRL – 1. In contrast, the lower sensor (CRL – 2B, Figure 8C) mimicked that 
of CRL -1 with greater daily changes, with an increasing trend through June/July, and ultimately 
declining to stressed conditions in August. 
In contrast to both CRL-1 and CRL-2, DO variations at CRL – 3, located in the back marsh 
of the lagoon (Figure 8D), did not resemble any of the trends noted above. There was a strong 
daily variation that persisted the entire collection record. Large daily variations dipped into anoxic 
(DO less than 0.5 mg/L) conditions during the winter. This station experienced persistent stressed 
and hypoxic (DO > 0.5 mg/L and ≤ 2 mg/L) periods throughout the duration of the study. 
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The figure shows the temperature measurements from Feb to Aug 2020. Plot A are samples collected from station 
CRL – 1 at the river entrance. Plots B (upper sensor) and C (lower sensor) are data collected at station CRL – 2. 
CRL – 2 was a profile mooring within the lagoon with an upper and a lower sensor for measurements at varying 
depths. Plot D are the collections from station CRL – 3 in the back marsh of the lagoon. 
Figure 9. Temperature Time Series – CRL, All Stations 
There was a seasonal trend evident in the recorded temperature measurements, showing 
less variability in diurnal fluctuations during both open and closed states in contrast to mixed state 
(intermittent closures) (Figure 9). In general, there is a warming trend at all sites with the 
permanent transition to closed in mid-June, consistent with less flushing of the system. 
Temperature notably has a negative relationship; warmer waters have a lower DO holding capacity 
and vice versa (Palmer et al 2011; Prasad et al 2011; Satheeshkumar and Khan 2009). 
B. ELKHORN SLOUGH MONITORING SITES 
Elkhorn Slough partners with the National Estuarine Research Reserve System (NERRS) 
for WQ and environmental monitor efforts. ES has four (4) sites equipped with automated sensors 
for constant monitoring uploading of data to the NERRS database (ESNERR 2019). For the 
purpose of this study, the two (2) monitoring sites, Vierra Mouth (VM) and South Marsh (SM) 
were selected for comparison with the CRL data (Figure 3). These specific locations were selected 
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because they are considered permanently open estuaries, open to the tidal influences from 
Monterey Bay. Figures 9 through 11 will show the data collected from these 2 locations. 
1. Environmental Parameters 
Seasonal variation in environmental forcing appears to have less of an importance in 
permanently open systems. The environmental parameters collected at ES were limited to air 
temperature, precipitation and water level for correlation to DO changes. Air and precipitation 
factors did not show a direct impact on the DO level, as witnessed in the data at CRL. Water level 
tends to be the dominant factor driving change at both VM and SM locations. The general DO 
variations respond to changes in water levels, based on a tidal periodicity (Figures 10C and 11C). 
 
The figure depicts the environmental conditions at Vierra Mouth (VM) over the length of the study. Plot A is the 
recorded precipitation in Elkhorn Slough. Plot B is the air temperature (deg C), and plot C is the water level (m) 
at Vierra Mouth (VM). 
Figure 10. Environmental Parameters for VM 
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The figure depicts the environmental conditions at South Mouth (SM) over the length of the study. Plot A is the 
recorded precipitation in Elkhorn Slough. Plot B is the air temperature (deg C), and plot C is the water level (m) 
at South Mouth (SM). 
Figure 11. Environmental Parameters for SM 
2. Dissolved Oxygen 
DO level was indexed to mark the varying oxygen conditions. Green markers are levels > 
5 mg/L, blue indicates DO levels > 2 mg/L and ≤ 5 mg/L, yellow markers represent DO > 0.5 
mg/L and ≤ 2 mg/L and red markers for DO ≤ 0.5 mg/L. 
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The figure is the raw DO time series collected from Elkhorn Slough monitoring sites. Plot A is the raw data 
collected from the VM site. Plot B is the data from site SM. Green markers indicated DO > 5 mg/L, blue markers 
are DO levels > 2 mg/L & ≤ 5 mg/L, yellow markers represent levels > 0.5 mg/L and ≤ 2 mg/L, and red indicate 
DO ≤ 0.5 mg/L 
Figure 12. Raw DO Time Series – VM and SM Stations 
DO recordings at the VM remained above 5 mg/L throughout the length of the study 
(Figure 12A). A seasonal trend existed at this location, very similar to what was evidenced in the 
data at CRL. Unlike the trend seen with the CRL data, DO fluctuations appear to follow the 
sinusoidal pattern similar to tidal influence. Small variations occurred during winter with values 
ranging from 6 mg/L to 11 mg/L, and few occasions below 5 mg/L (Figure 12A). During the 
transition to summer months, changes in oxygen increased drastically, ranging from 3 mg/L to 14 
mg/L and increased events of stressed (DO levels > 2 mg/L and ≤ 5 mg/L) conditions. Overall, the 
influence from tidal input is evident throughout the entire study period. 
The SM monitoring site behaves in similar form to that of VM. DO changes were minimal 
during the winter months, with the exception of a period in early March when the DO was degraded 
to the point where there was persistent hypoxic (DO > 0.5 mg/L and ≤ 2 mg/L) and anoxic (DO ≤ 0.5 
mg/L) conditions (Figure 12B). During the summer, daily variations were greater and the occurrence 
of hypoxic events were more frequent. 
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V. DISCUSSION 
Analysis of the DO samples from Carmel and Elkhorn monitoring sites focused not only 
on the change of the DO level, but on those processes and factors that contribute to the variation 
over time. During the course of this study, a strong temporal signal was evident in the raw DO 
time series, varying on a diel and a seasonal periodicity (Figures 8 and 12, respectively). The raw 
measurements were very noisy and needed to be averaged for a closer look into the seasonal 
influence impacting DO readings. DO standard deviation was generated by applying a 72-hour 
moving filter across both wet and dry seasons, calculating the variance of the time series and taking 
the square root (standard deviation), smoothing the daily fluctuations to a periodicity of local 
processes. The moving window was determined by looking at smoothing effects on various time 
scales from 6 hours to 96 hours. A window size less than 24 hours was too detailed, emphasizing 
diurnal variations in DO rather than longer-term changes owing to breaching and mouth state. The 
72-hour window had the best output removing the tidal influences while emphasizing the daily 
influences, though results presented below are unchanged by using 48 or 96 hours. 
1. Carmel River Lagoon Deviations 
Deviations from CRL were compared to the water level for comparison to mouth state for 
1) fully closed (over the window period), fully open (over the window period), and mixed (showing 
episodic breaching on the scale of the window period) (Figure 13 and 14). 
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This figure shows the calculated winter DO mean and standard deviations for all stations in CRL. The top plot is 
the mean DO with the Red line representing CRL1, Green line is CRL – 2T, Purple line is CRL – 2B, and Blue 
line is CRL – 3. The middle plot is the DO standard deviations with the Red line representing CRL1, Green line 
is CRL – 2T, Purple line is CRL – 2B, and Blue line is CRL – 3. The bottom plot is a hydrograph of the daily 
water level readings for the winter season, with red dotted line marks the transition from an intermittently 
open/closed to fully open state. 
Figure 13. Winter DO Standard Deviation versus Water Level – CRL  
Standard deviations during the winter season remained low (< 3 mg/L) for all stations 
except CRL – 3. Early in the season there was a spike in the fluctuations of the DO, but leveled 
off quickly. Comparing these data with measured water level, responses in DO variation were in 
line with times when the mouth state changed (Figure 13). The winter season, which is typically 
open due to increased precipitation and higher discharge rates, experienced a few instances of 
intermittent closures in late February, reducing tidal mixing and allowing the lagoon to fill. Upon 
breaching in early March, the deviations declined and leveled off where the river remained fully 
open. 
CRL – 3 followed a similar trend as the other stations until April where this site experienced 
larger deviations. The location of CRL – 3 was off the main channel, away from the river outflow 
and channel elevation and geometry reduced the tidal exchange with periods where connectivity 
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was broken (Figure 1). Location away from unrestricted tidal exchange may have contributed to 
the larger variation during the season and frequent lower DO level (Figure 8 and 13). 
 
 
This figure shows the calculated summer DO mean and standard deviations for all stations in CRL. The top plot 
is the mean DO with the Red line representing CRL1, Green line is CRL – 2T, Purple line is CRL – 2B, and Blue 
line is CRL – 3. The middle plot shows the DO deviations with the Red line representing CRL1, Green line is CRL 
– 2T, Purple line is CRL – 2B, and Blue line is CRL – 3. The bottom plot is a hydrograph of the daily water level 
readings for the winter season, with red dotted line marks the transition from an open to intermittently open/closed 
to fully closed state. 
Figure 14. Summer DO Standard Deviation versus Water Level - CRL 
The summer season is dominated by higher air temperatures and decreased precipitation 
and discharge rates. The lagoon responds to the seasonal shift by transitioning from a full open 
state to a “mixed” condition, experiencing more frequent intermittent closures/breaches. These 
shifts enact a direct response in the DO deviations (Figure 14). All stations showed increased 
deviations during the summer compared to the deviations of the winter (Figure 13). This 
observation is in agreement with the idea that decreased rain, reducing river discharge is likely to 
increase the residence time of the water within the lagoon due to modified hydrodynamics due to 
the establishment of a sand bar across the mouth, closing the lagoon (Kotsedi et al 2012; Kraus et 
al 2008). 
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In addition to the deviation changes with respect to the water level, mean DO was compared 
against the changes in water level. Figures 13 (top) and 14 (top) show the mean DO across seasonal 
periods. Mean DO was calculated using the same 72-hour moving (mean) window across the data 
record. The response noted in mean DO agreed with that seen in the seasonal deviations driven by 
physical state of the river mouth. During winter months, deviations were lower maintaining a 
constant mean DO trend, ranging between 10 mg/L and 13 mg/L (Figure 13). When the lagoon 
intermittently closes, a similar response is seen in mean DO for all stations, widely varying 
according to the duration of the state change (Figure 13). Full closure of the lagoon is noted by 
steadily decreasing mean DO levels, while standard deviations of DO continue to vary episodically 
Interestingly, station CRL – 2B showed increases in the mean DO when all other stations 
showed a decline in the average DO concentration trend during a mouth closure event in mid-June 
(Figure 14). During a few site visits to check sensor status, CRL – 2 (upper and lower) were 
deployed in a part of the south arm that was dominated in submerged sea grass (Zostera asp). The 
presence of this sea grass could be responsible for higher DO conditions, if photosynthesis 
dominates the water column and surrounding waters. 
In summary, the DO fluctuations were closely tied to the temporal changes of 
environmental factors on the seasonal periodicity. Generally, the central California coast 
experiences a “wet” and cooler climate due to increased precipitation during the winter months 
(Oct – Apr) of the year, and transitions to a “drier” and warmer climate with little to no 
precipitation during the summer months (May – Sep). This seasonal shifts in environmental factors 
drive geometric changes within the lagoon system (Figure 7C). These states ranged from fully 
open, to intermittently open/closed, to fully closed (Figures 13 and 14). During the fully open 
lagoon state, sites closest to the river mouth (CRL-1) had higher mean DO concentrations with 
lower standard deviation, suggesting these sites were governed by circulation (advection), while 
sites furthest from the main channel saw lower DO concentrations with larger standard deviations, 
suggesting local effects (tidal restrictions) altering DO levels are likely present. In contrast, during 
the transition from open to closed (through episodic breaching/mixed state), both mean and 
standard deviation of DO concentrations were altered by individual breaching events, suggesting 
a high degree of DO variability as system circulation dynamics transition from tidal driven to 
stratification impoundment hydrology. After final closure of the lagoon, mean DO levels decline 
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with continued higher standard deviations, suggesting primary production and respiration 
dominate conditions. 
2. Vierra Mouth Deviations 
Similarly, DO deviations at VM and SM in Elkhorn were generated and compared against 
water level readings. For the purpose of comparing differences between BBE dynamics and 
permanently open estuaries, the following figures and discussions are taken from VM for its 
location to estuary mouth (Figure 3). 
 
The figure shows the seasonal standard deviation and mean DO changes against water level readings at VM. Plot 
A shows the DO standard deviation (blue line) and the mean DO (pink line) values. Plot B was the daily water 
level readings during the winter months. 
Figure 15. VM Winter DO Standard Deviations and Mean Do versus Water Level 
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The figure shows the seasonal standard deviation and mean DO changes against water level readings at VM. Plot 
A shows the DO standard deviation (blue line) and the mean DO (pink line) values. Plot B was the daily water 
level readings during the summer months. 
Figure 16. VM Summer DO Standard Deviations and Mean DO versus Water Level 
Standard deviations and mean DO levels did not have large fluctuations dependent upon 
the season or based on the water level changes. Winter deviations remained low, ranging from 0.2 
mg/L to 1 mg/L with a spike up to 2 mg/L at the start of the transition to summer. Summer values 
ranged from 1 mg/L to 2.5 mg/L. Unlike what was evidenced in the Carmel data, VM had no 
dependence upon the changes in water level or geometric changes. Water within the site is 
constantly flushed complimentary to the tidal influence, indicating short residence times 
maintained higher DO concentrations. Some process other than physical is likely driving the 
variability. 
3. BBE’S versus Permanently-open Estuaries 
Results above show that variation in the DO level at CRL and ES respond very differently 
to the environmental forcing within the respective systems. It was seen that during certain times 
of the year, specifically when CRL is open and within the confines of the main channel, DO levels 
maintain a steady trend with low changes in the standard deviations and average values. (Figures 
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13). This connectivity with the tides maintains a higher oxygen environment for endangered and 
protected animal species. At other times during the year the DO dynamics change drastically, 
specifically during the summer closed states (Figure 14 and 16). 
The DO response at VM was very distinct from that witnessed at CRL. The main difference 
between the two locations appears to be the ocean connectivity of each system. Seen above in 
Figures 13 through 16, this estuary classified as permanently open (artificial) has constant 
exchange with the ocean, flushing and resupplying the monitoring site with newer water. In the 
BBE system, the intermittent isolation of lagoon from ocean exchange results in greater DO 
variations and different processes that add or remove DO from the water. The CRL open mouth 
state resembled that of the permanently open Elkhorn Slough estuary, indicating that flushing 
played a role in the steady DO with low daily variability. The spatial and temporal DO variability 
showed a dependence upon the constant shifting of physical mouth states. 
Understanding the various processes driving DO variation within a system provides insight 
for environmental managers to assess the health of systems for various plants, animals, and human 
populations that reside in and in close vicinity of estuaries. MPWMD has monitoring responsibility 
for CRL and has sponsored various projects to investigate low DO impacts to the resident plant 
and animal species, with a focus on the Steelhead trout. Efforts to assess the health of CRL has 
been performed using six (6) main stations, collecting point measurements on a bi-monthly 
periodicity (Lumas 2006). This particular method of data collection is one that can monitor the 
spatial DO distribution but may not accurately assess the health of the system on a whole. 
Understanding both the temporal and spatial variations in DO concentrations can provide that more 
complete picture of the DO variation across the system. Of note, this study did not document any 
periods within the CRL where DO concentrations were uniformly below water quality objective 
levels (5 mg/L) suggesting that during the entire period of this investigation, portions or the lagoon 
supported high DO conditions while also supporting a variety of other water chemistry 
characteristic zones. 
A recent study conducted by Naval Information Warfare Command Pacific (NIWC Pac) 
(2018) as part of a long-term monitoring effort of eutrophication and degradation of WQ in coastal 
zones neighboring naval training facilities. The Santa Margarita estuary is a BBE in southern 
California, like that at Carmel River. Interestingly, low DO and anoxic events were more frequent 
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occurrences during closed periods (approximate 23% of the time) compared to open states, 
occurring during the summer and winter, respectively (Katz et al 2018). The findings from Santa 
Margarita and at CRL show that estuarine systems display a natural variability in aquatic 
parameters, particularly DO due to local climatic and oceanographic conditions. A few readings 
in the hypoxic or anoxic range do not indicate that the estuary is severely degraded, requiring 
immediate restoration efforts, rather there may be significant spatial variability in DO levels in a 
single lagoon. These investigations have provided an insight that these systems have a “natural” 
cycle that is unique to the estuary in question. 
These findings and previous studies demonstrate that shallow west coast BBE’s respond 
differently than larger, deeper estuaries dominated by daily tidal exchange, driving unique low DO 
conditions. Based on the results from this study and the data recorded in Katz et al (2018), altered 
WQ conditions may result from a compound of drivers, i.e., rainfall, daytime heating, flushing, 
water column stratification, etc. In ephemeral systems, such as CRL, environmental factors drive 
the breaching/closure dynamics of BBE’s, having a visible seasonal influence on the DO 
variations. 
Understanding of the physical and environmental impacts to these dynamic environments 
provides insight into the complexity of these systems and the challenges to managing ecological 
objectives and economic impacts associated with ecological degradation. From a naval standpoint, 





This research investigates if lower DO levels will persist during periods of prolonged 
closure, resulting from a reduced flow and interaction from Carmel Bay, corresponding to the 
summer, drier season due to a lack of precipitation over the region. This study identified areas of 
the system with seasonally low DO conditions but areas within the BBE were found to support 
high DO conditions during the entire study. This suggests that low DO levels did not dominate the 
system during seasonal closure periods, rather there is not only temporal, but also spatial variability 
in these systems. 
DO measurements were collected within Carmel River Lagoon by deploying multiple 
sensors to understand how DO concentrations are affected by temporal and spatial variability 
resulting from river mouth state. The sensors were placed in the three main branches of the lagoon, 
the river entrance (CRL – 1), the main channel (CRL – 2), and the back marsh (CRL – 3), spanning 
closed, transition, and open states of the river mouth. DO measurements were collected every 10 
mins to identify temporal changes over the four-month investigation. The findings demonstrate 
that there was high variability and lower average DO readings taken during the summer months, 
corresponding to closed river mouth states. In addition to the differences seen in the readings from 
a summer closed state to an open state during the winter season, there was high spatial variability 
within the lagoon. CRL comprises an area of approximately 0.25 km2 with a max distance between 
DO sensors of 325 m (CRL – 2 to CRL – 3). The DO response at CRL – 3 varied greatly in a 
region with limited tidal exchange, despite the close proximity to the other two stations. The spatial 
and temporal variability from the data suggest that DO fluctuations are a complex problem, 
dependent upon multiple environmental factors, to include mouth status. 
This study concluded that the DO variability within dynamic BBE’s is a complex problem 
that warrants more than point measurements for adequate assessment. Multiple processes are 
present controlling the spatial and temporal distribution of DO within the lagoon. While flushing 
is a well-established technique used in open embayment systems, managing DO replenishment. It 
is not necessarily the best practice for these smaller BBE systems (Largier et al 2019). Even though 
low DO events occurred at two of the stations, others showed highly oxygenated waters throughout 
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the study. This demonstrates the natural dynamic conditions that exists in BBE’s, providing 
ecologically unique and important habitats. 
Future work should include more sampling sites over a longer period. This suggestion 
would provide more details into the significance of closure/breaching events and its impacts on 
DO variation and circulation changes. Additionally, future work includes investigating how DO 
fluctuations effect fish and other focus species, including a closer look at vertical mixing during 
multiple mouth states to see if stratification is a critical factor in regulating the DO level leading 
to ecological implications. Lastly, generation of an oxygen budget within the lagoon would be 
useful. This would combine the effects of various (biogeochemical and physical) processes and 
evaluate their relevance to DO variability within the Carmel River system. 
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